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ABSTRACT

This papér presents:an ana]ytic method for
studying the. mechanisms that lead to the
detonation of cased munitions filled with
molten explosives when:-impacted by large
:concrete fragments, representing failed wall
sections,. This is a single degree of freedof)
.dynamic structural analysis:method.which
makes -use of ‘predetérmined, nonlinear load-
defiection charactéristics-of the-shell
casing.. 'In the analysis described, the
method was applied ‘tc predict the pressure-
time-history in the molten explosive when
subjected to' impact. A reasonable comparison
betweén andlytic and experimental results was
obtained.

INTRODUCTION

At onevstate of the munition production pro-
cess, molten explosives are poured into empty shell
casings. At this, and-most stages of the produ\-
tion process there is a finite probability that an.
accidental explosion may occur, To limit the
propagation-of-an accidental explosion, the pouring
area is subdivided into smaller areas separated by
reinforced concrete walls. This does mot com-
pletely eliminate the danger of propagation
because an explosion in-a cubicle can cause some
breakup of dividing walls, producing energized
fragments which may impact shéll casings in
neighboring cubicles thus possibly producing
additional detonations. .Whether or not an explo-
sion is produced by such impact depends on the
dynamic préssures -produced within the molten
explosive, which in turn depends-on the mass of the
impacting fragment, its impact velocity, point and
angle of the impact, etc. Thé size of fragments
produced: by a separation wall depends on the

physical’ characteristics of the wall, i.e. rein-

forcement details, concrete s*rength. aggregate
size, thickness, span, support conditions, etc,
It also-depends on the intensity and distribution
of the blast load produced by the donor charge on
thé dividing wall.

This. paper describes a.project (Ref. 1) whose
objective. was to study .the mechanisms controlling
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the -impact sensitivity of shell casings filled
with mo]ten explosives -when impacted by secondary
fragments. (It was determined in .edrlier experi-
mental investigations that a-shé]1 in the molten

.or just-poured state was:more sensitive to

initiation than when the explosive was cool and
hargened) The: project was divided into two
parts.

The first part was an analytic effort whose
purpose was to predict the pressure buildup within
the molten explosive when the casing and the con-
tained explosive interact with a secondary
fragment. It is hypothesized that pressure build-

up (or the rate of .pressure bui]dupg and the
resylting rise in temperature ‘1§ a gogd ineastire
of explosive detonation sensitivity.

‘The second part was an experimental ‘effort
whose aim was to ascertain the credibility and
accuracy of the ana\ysis. Instirumented, full
scale experiments were performed to obtain’
quantitative data“for comparison with analytic

results, The experiments also provided an in-

sight into what was occurring during the impact
process and thus helped-guide the analysis,

ANALYSIS OF SHELL EXPLOSIONS DUE. TO
IMPACT BY LARGE CONCRETE FRAGMENTS

Figure 1 is a schematic showing the shell-
fragment configuration analyzed. The shell
casing, open-at its apex and completely filled
with molten explosive, is stationary on the
ground plane. At the time of impact the explosive.
is at asufficiently high temperature to be in a
1iquid state. The fragment, a concrete cylinder,
1s moving in a horizontal direction with velocity,

'V, .The conditions are. assumed to be such that

during impact the shell casing will be plastically

deformed and will experience an acceleration. The -

plastic deformation of the casing will .cause the
molten-explosive to be pressurized and ‘to be
forced to flow up and through the filling.orifice
at the apex of the-casing. "This pressure buildup
during-the time of impact and the associated
temperature rise, is hypothesized to be a meaSure
for determining if the explosive will detonate, -
The analytic procedure used to obtain the-pressure-
time relationship in tlie explosive during impact

"is described next.
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" of. internal -pressure. Also, at least for this o
: - v shell casing; ‘there was ‘essentially no ¢hange in
s - the orifice-area with. change in deflection, sée

Fig. 5.
I~

Liquid Explosive

Conecrete ‘Cylinder

/‘/- ‘Shell Casing
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A

FIG, 1.<'Sheli-Fragment Configuration

Analytfc Solutioanequirements

The analytic solution is a single<degree of
freedom dynamic.analysis which requires: certain
postulated. explosive, shell casing, and fragment
interaction. characteristics which -are the
following: D

VPR VA

1. Force-deflection characteristics (resistance
function) of the shell casing

2. Volume: versus.deflection: characteristic of
the shell casing

3. Orifice area versus deflection characteristics

P

For the purpose of determining the forcé< F1G, 2.-Finite Element Mesh of.One Quarter of the
deflection characteristics, the -shell casing was Shell
assumed to be restrained .in the horizontal-direc-
tion:only, all.along the line ‘formed by the inter-
section of the midplane of the shell surface-and 400 , !
the verticdl plane whose.edge view is indicated by = Y . :
1ine:A-A ‘in-Fig, 1.” :Making use of .the shell
symmetry, one quarter of ‘the shell surface is
modeled for finite element analysis.as shown in
Fig. 2. Thickness is varied along the height in
discrete intervals., ANSYS (Ref. 2) finité element
compyter program which meets the requivements of
large deflection and plastic deformation of the
casing material, was used in the analysis. Force-
deflection . characteristics were obtained:by :
imposing deéflections and -thén computing the corres-
sponding-forces required~to produce them. Deflec-
tions were imposed on the shell.casing.at nodes -
representing an-aréa approximately equal to the 0 ; 1
contact -area- between the casing and-the impacting - 0 0.5 1.0 o 15
concrete cyli:ger‘ Lgad deflection cha:?:geristgcs : . . ’
were detersined for three pressures app to ‘the - vy
interior of ‘the shell, --Results are shown in:Fig. . Deflection. {Inches)
3. Along with force-deflection characteristics-of
;the shell casing, Volume-deflection and orifice

area-deflection characteristics wére obtained’ )
from:this analysis. These-results are shown in: FIG. 3,~Force Versus Deflection Characteristics

Fig: 4 and Fig, S-respectively: It will be-noted of the Shell Casing for Indicated
that both of :these characteristics are independent Internal Pressures
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FIG. 5.-Orifice Area Versus Deflection
-Characteristic of the Shell Casing

Next, we were concerned with the flow
characteristics -of the molten-explosive through
the filling orifice of the casing. The flow is
dependent-on ‘thé-orifice area, the fluid pressure,
viscosity and the orifice.coefficient. The
following formula (Ref. 3) was used 10 relate the
flow rate, Q to the internal pressure, p-of the
1iquid explosive and other .parameters.

& ccn\’ng/v - (1)
where C. = the orifice- coefficient, taken as 0.64

A = the orifice area

g = acceleration-due to gravity

v = weight density of the molten explosive,
taken ‘a5 ‘approximately 85 1b/cu ft

‘Flow characteristics. are shown in-Fig. 6 for three

orifice areas:
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FIG: 6.-Pressure Versus Flow Rate for Three
Orifice-Areas

In the {nitial analysis it was.assumed that the
molten explosive was {ncompressible, Analytic
results using this assumption showed large rapid
changes in tge 1iquid-explosive pressure, suggest-
ing compressibility. The analysis was modified to
take into account fluid.compressibility. In the
modified-analysis the characteristics shown in
Fig. -6 are still-.used, however the: corresponding
internal pressure is.modified on the basis of the.
bulk modulus of the expiosive. {ie, .

B =p -11 {2)
where: 8 = the bulk modu\us taken as 580, 000- psi
p= the\wetght density, of the. moiten

explosive-
ap = change in internal pressure

Analytic Solution Procedure

As*indicated earlier, the: analytic solution-is
a single-degree of freedom:analysis. ‘Refeiring
to. Fig. 1, assuming that.the concrete.cylinder-.and
the shell move in a straight line, thé equations
gflnotion and -initial conditions .are-given as
ollows:

Mé,XE~$,e§ o K3)
Mg X = F (4)

where M. and-Mg represent the mass of the cylinder
and the.shell casing respectively. F is the inter-
action- force>between the -shell -and the concrete
cylinder, and Xc.and Xs are the.center of. gravity

.accelerations-of the-concrete- cylinder and the

shell ‘respectively.

The jnitial. conditions for the concrete
cylinder-and-the. shell- are (at t=0, impact is
initiated) X¢; the initial.velocity-of -the.cylin-
der ‘is-equal-‘to V; xs. the initial velocity of the
siiell is equal to zero. The initial displacements
Xc and xs,-of the cylinder: and the .shell .are, equal
t6 -zerd. Euler equations-were used in-the {nte-

gration:process; i:.e.-
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X (t.+ at) = X(t) +%(t)at (5)-
x(t+ At) = x(t) + X(t)at (6)

The solution-procédure is-detailad below,

Solution: Pro;egiqrei

‘1. Read-data describing the system

2.. ‘Set time to zero (t=0).and displacements and
velocitigs: to their initial values., Sét
initial internal pressure to zevo, and the
orifice area-and the casing volume <o the.
initial values.

3. Print.out time and pressure

4, [If time-exceeds maximum value, stop..

5. From force:deflection-pressure curves (Fig. 3)
-determiné the interaction force, F. -Note
that the casing deflection s, is the-differ-
enice in the cylinder and shell motions
édisplacements), {.@. 6 % Xe*Xs, | .

6. Compute cylinder and shell .accelerations, see
equations (3) and. (4), :

7. Use-the Euler integration formulas,
expressions: (5) and (6), to determine
velocities and displacements of -the cylinder
andtthe gasing at time ¢t + at. Update time
to t + at. :

‘8, Determine shell casing-volumé using volume-

‘deflection-pressure curve (Fig, 4).. Compute
volume rate of flow from difference in-volume
from.previous time step:divided by time step,

Att
9. -Deternine orifice area fron orifice area-
deflection-pressure curves (Fiq, 5).
10, Determine:new internal pressure from
;(’Egssugf)e-'-vm ume- flow rate-area curves
. g‘ L3

Steps 11 through 13 represent an
iterative procedure used to take
into- account the compréssibility
of the 1iquid .explosive,

11, Determine ‘the change. in pressure over the
time step at and compute the change in the
\Egigk(tg)density of the 1iquid explosive. see’
‘ qv '

12. Determine the-new weight density.

13 Determine the change in volume dué-to ihe:
change in-the weight density. Compywo -the
volume rate of flow.

Continue the iteration until the
change in volume is smaller thar
a ‘preassigned value,

14. Return to stép 3 and continue,
EXPERIMENTAL EFFORT

The purpose of the experimental effort was to
measure the pressure-time history within the
molten explosive when the shell containing it is
impactéd by a concrete. fragment. The experi-
mental setup is depicted in Fig, 7. A shell

casing, containing-a liquid, Glycerol, of the

samé -dénsi ty- 2§ :iiol ten-composition B explosive -

is mounted*(nropped):.on 4-pedestal, ‘see "target"
inFig: 7. Anair .gun-is then-used: to Jaunch- - -~
theconcrete-fragment.at :the.shell: .casing :to 4mpact
at a specified aiminig point: The:concrete- fragment
is dn-the 'shape-of ‘a<Cylinder. JwossizZes-and ~
welghts-were:uséd in:'this. study (Ref. 1), 2-ft-and

~4:ftong:and :weighing-200-1bs and 400-1bs réspec<

tively. The instrumentation. consisted:of a pres=
sure. sensor- located:witiin .the 1iquid -for measuring
“the-pressura-timé-history during Ampact. . Photo-
graphic .coverage was. provided to -measure the impact
velncity-of the concreté cylinder.. o

FIG: 7.<SecondaryFraghents Impact Test Site

:Selected Results

Figure '8 shows an experimentally .determined and.

the corresponding analytic pressure-time history,
This particular-experiment dealt with.a 4,2-in.
mortar si2?? filled with Glycerol- and water at .
ambient te-perature. A concrete:cylinder, similat-
{ng a-wail fragment and.weighing 200 ibs.; impacted

‘the shel™ 1t 272 ft/sec at a-point 4125 in below

the filiiny orifice, In tctms of the shape of the

préssure=time history; -duravion and -peak pressure,

the comjiarison- between experimental -and analytic.
vesults «npears to be favorable. "Similar compari-
sons were abtained for-other-experiments conducted
in the crurse-of the study, -

T,ONCLUSTONS .AND. RECOMMENDAT IONS

A: siniple analytic.method was, formulated: for

preditting”pressure~time-histories in shell:

casings filled wjth molten.explosives when ine
pacted-by secondary fragments, -Analytic results
compared favorably with experiments.

Additional analyses are requived to study the

sensitivity of vesults for a larger-set.of experi-

ments with the objective of improving the accuracy
of ‘the predictive method, To date four other ¢
exjperimental programs -have been -conducted -on the
sensitivity to impact; by large concrete fragments,
of a variety of molten and ambient temperature
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s ‘explosive-filled.shel1$ -For these previous . -

- ‘experimental .programs. apalytical.predictions-of

. time curves: shouldsbe-performed. With,a larger . - . ,
- - fuimber -of curves;..and: herice: Jargersnumber of test.. o ~

2 sconditions; on2 would‘be-able to distinguish - -

‘between:pressurestime -conditions for explosion.iand
no; reaction, The.scope of :this method needs ‘to be
further expanded  to.Study.whether ‘the- peak:pressure-
in.the-Tiquid:explosive, rate.of -pressuré rise, -
etc, are parameters which. individually. or <in—coms -
‘bination will. predict the -onset :of ‘detonation,

: 15000
: 12500 | ‘

pry )

a

210000

W , )
| = 750 |
‘\ g N N ., \\\4/- N
= “,5000 7 \ \ HA

VY J 1 \ 1 3 |
2500 poht et NN
- 'vyl'c ; A S wF F Tl s o

0 0.0000 0.0002 0.0004 0,006 *0;0008 0,001
TIME 'IN SECONDS

FIGy 8,-Pressuré Versus Time Graph for
Experiment 4 (Concrete Projectile 200 1b,
at 272 ft/sec Velocity)
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